Abstract Lateral variations of seismic attenuation are investigated using data from a linear seismic array deployed across southern Taiwan. The attenuation parameter t is obtained by fitting the amplitude spectra of P and S waves with a theoretical spectrum using an ω 2 model. The observed t data are then plotted against the travel time, back azimuth, and focal depth, respectively, to explore the spatial variations of t for P and S waves. Significant lateral variations of seismic attenuation are found between the eastern mountainous and western plain areas of Taiwan. Large attenuation contrast with depth in the east indicates that an anomalously high-attenuation zone is located in a shallower area north of the array in southeastern Taiwan. A 2D raytracing method is applied to show that the probable depth of the anomalous zone is at about 15-20 km. This anomalous attenuation zone coincides with an area marked by low-P and low-S velocities as well as a total absence of seismicity. The area is also marked by other prominent manifestations of active collision between the Eurasian and Philippine Sea plates, for example, high mountain ranges, rapid uplift, and high heat flows.
Introduction
Taiwan is located in the boundary between the Eurasian and Philippine Sea plates. The Eurasian plate subducts under the Philippine Sea plate in southern Taiwan whereas the Philippine Sea plate subducts under the Eurasian plate in northeastern Taiwan. Between these two subduction zones the two plates converge along the northwest-southeast direction at about 80 mm=yr. The collision between the two plates is most intense in southeastern Taiwan where the tallest peaks of the Central Ranges stand. Frequent earthquakes are common near the east coast of Taiwan along the boundary of the two colliding plates (Fig. 1) . Curiously, a remarkable aseismic area beneath the southeastern Central Range can be seen from the seismicity map. Although previous studies indicate that the aseismic area may be associated with geothermal and/or partial melt effects (Ma et al., 1996) , its cause remains a puzzle.
Seismic attenuation is a physical parameter representing anelastic behaviors of materials along which seismic waves propagate. Because attenuation of seismic waves is also very sensitive to temperature, cracks, and fluid content in the material, study of seismic attenuation may provide clues about its physical state. On a small laboratory scale, seismic attenuation can be measured directly from a sample (Jones and Nur, 1983) . On an intermediate scale from several meters to hundreds of meters, anelastic behaviors can be studied as deamplification effects of local site response by both geotechnical engineers and seismologists (Lee et al., 2006) .
On a large scale from several kilometers to hundreds of kilometers, seismic attenuation of tectonic structures can be studied by the analysis of seismic waves. Attenuation structures related to fault zones, collision belts, and subduction zones have been successfully studied by using local or regional earthquake sources (e.g., Scherbaum, 1990; Lees and Lindley, 1994; Sarker and Abers, 1998; Eberhart-Phillips and Chadwick, 2002) . This study will focus on seismic attenuation along the plate collision boundary in southeastern Taiwan aiming to shed new light on the possible cause of an aseismic zone there.
Seismic attenuation of P waves and S waves in Taiwan has been studied previously using data from the Telemetered Taiwan Seismographic Network (TTSN) and the Central Weather Bureau Seismic Network (CWBSN) (e.g., Chen et al., 1996; Chen, 1998) . The available station numbers of the TTSN and the CWBSN for these studies, about 25 and 45, respectively, were not sufficient to resolve detailed spatial seismic attenuation structures in the whole of Taiwan. Besides, both TTSN and CWBSN are short-period seismic networks providing data with a limited frequency bandwidth.
These limitations are overcome by the recent deployment of many broadband seismic instruments in Taiwan. High-quality seismic data obtained by these new seismic instruments can be used to study detailed regional attenuation structures. In particular, a linear broadband seismic array with small spacing was deployed across southern Taiwan. High-quality seismic data from this array were used in this study to explore detailed attenuation structures in southern Taiwan. We analyzed spatial variations of attenuation parameters to identify potential anomalous attenuation zones across southern Taiwan. As a result we have found a zone of high attenuation for both P and S waves that is probably associated with the aseismic zone beneath southeastern Taiwan.
Data and Method
In order to understand crustal structures and geodynamic processes of recent orogeny in Taiwan, a linear seismic array consisting of 25 broadband stations, at nearly even spacings of 4-5 km, was deployed across southern Taiwan in April 2005, as shown in Figure 1 , by the Institute of Earth Sciences, Academia Sinica (Huang et al., 2006) . Each station consists of a three-component broadband seismometer, a 24 bit analog-to-digital converter, a large memory capacity digital recorder, and a Global Positioning System (GPS) receiver. Output signals from each seismometer are Figure 1 . Locations of the seismic array and source events used in this study. The background shows the topography and bathometry of Taiwan. LV denotes the Longitudinal Valley. The red lines show active faults. The station codes of the array are SL01-SL25 from west to east, respectively. The blue triangles show the 14 western stations (SL01-SL14) and the red triangles show the 11 eastern stations (SL15-SL25) on an east-west linear seismic array deployed across southern Taiwan. Color circles show the 153 events whose seismic data are used in this study. The color bar in the bottom shows the scale of the focal depth of these events. Background seismicity shows M >3 earthquakes from the catalog of the TCWB. The gray frame denotes the aseismic area. The right-hand panel shows the depth distribution of the selected events along a north-south profile.
continuously recorded at a 100 Hz sample rate. The waveform data are excellent for spectral analysis.
Records from 153 earthquakes located at a latitude between 23.4°and 24.5°and a longitude between 121.5°and 122.0°from April 2005 to July 2006 are selected to provide sufficient coverage of ray paths across the aseismic zone (Fig. 1) . Only events with M L magnitude greater than 3.5 are selected to ensure well-recorded waveforms at all stations. The ranges of earthquake magnitude for all events are between 3.5 and 5.0 except four events that are between 5.0 and 5.5.
A total of 3213 P-and 3421 S-wave arrivals are manually picked from the seismograms. Signals on the two horizontal components are rotated to longitudinal and transverse components before picking the S-wave arrivals. P-and S-wave arrivals are picked from the vertical and transverse components of seismograms, respectively. After removal of instrumental response the velocity waveforms are further integrated to yield corresponding displacement waveforms (Fig. 2) . We then obtain the amplitude spectra of tapered P and S displacement waveforms by using fast Fourier transform (FFT). For this, a 5 sec time window (starting 1 sec before the P arrival time) for P waves and a 10 sec time window (starting 2 sec before the S arrival time) for S waves are adopted, noting that sufficiently long time windows are needed for stable estimation of t (Lees and Lindley, 1994) . Furthermore, 10% and 20% Hanning tapers are applied, respectively, which is 0.5 sec for a P wave and 2 sec for an S wave at both ends of the time windows before FFT. An observed earthquake spectrum is the combination of source, path, site, and instrument effects. It can be represented as Hf SfPfRfIf;
( 1) where Hf is the observed spectrum, Sf the source spectrum, Pf the path spectrum, Rf the site spectrum, and If the instrument response. The instrumental response If is removed at the beginning, as mentioned previously. The path effect, together with other contributions, can be quantified through model fitting of the observed spectrum. The theoretical displacement spectra of the source, path, and site can be written separately as Figure 2 . Examples of seismograms for P and S waves, in the left-and right-hand columns, respectively, in the time and frequency domains. In each column, the top frame shows the velocity waveform starting from the origin time. The vertical lines show the signal (red) and noise (blue) windows. The middle frame shows the integrated displacement waveform for the signal window after removal of instrumental response. The bottom frame shows the observed noise spectrum (blue), the observed signal spectrum (black), and the best-fitting theoretical spectrum (red) obtained by adjusting the t , f c , and Ω 0 parameters.
and
where f is the frequency, Ω 0 the low-frequency spectral asymptote, f c the corner frequency, γ the source spectral falloff, and t t i f α , where t i and α are attenuation parameters (Lindley and Archuleta, 1992; Lees and Lindley, 1994) . An ω 2 model for the source spectrum (Aki, 1967; Brune, 1970 Brune, , 1971 ) is used here as a reference to determine t from observations. In this study attenuation is assumed to be independent of the frequency in order to simplify the parameters (i.e., α 0) (Lees and Lindley, 1994) . When t is independent of frequency, it becomes identical to κ (Anderson and Hough, 1984; Hough et al., 1988) . κ is an empirical spectral decay parameter that indicates the attenuation characteristics of observed spectra. The remaining parameters, t , f c , and Ω 0 , are obtained by fitting the observed spectrum with the theoretical spectrum using an ω 2 source model (i.e., γ 2) (Aki, 1967; Brune, 1970) .
A grid search method is applied to determine these parameters by matching the observed and theoretical spectra over a frequency range from 1 to 20 Hz. The high-frequency cutoff is set at 20 Hz to minimize the effect of noise. We do not constrain f c in this study, because previous studies have shown that the difference between constrained and unconstrained f c is not significant (Sarker and Abers, 1998) .
In order to obtain reliable estimates of the attenuation parameters, a strict criterion of a signal-to-noise (S/N) ratio > 100 is adopted for additional data screening (Fig. 2) . The S/N ratio is calculated from the amplitudes of the signal window and a preevent window in the frequency domain. For P waves, the noise amplitude is determined from each seismogram over a 5 sec time window immediately preceding the signal window of P-wave arrival. For S waves, the noise amplitude is determined from each seismogram over a 10 sec time window prior to the signal window of P-wave arrival. Finally, a total of 1429 t values for P waves and 2936 t values for S waves are included for this study. The site effect on attenuation is combined with the path effect in t , as shown in equation (3). In order to separate the path and site effects, a path-averaged attenuation equation is introduced:
where t P; S is the observed attenuation parameter defined for either P or S waves, t 0 P; S represents the near-station site effect of t , Q P;S is the quality factor for P or S waves, and V P;S is the P-or S-wave velocity along the ray path. The integral is taken along the ray path for V P;S . R is the distance of ray paths for a P or S wave. V represents the pathaveraged velocity of relevant phases. T is the travel time for a P or S wave. The slope ( Q 1 ) shows the path-averaged attenuation in the right term of the equation.
Because the geometrical constraints due to the layout of the linear seismic array and earthquake source distribution are not optimal for tomography, we will analyze the spatial variations of t
at each station to demonstrate lateral and vertical variations of attenuation structures instead of attenuation tomography. This will allow us to obtain attenuation structures from t , yet avoid the resolution problem in the tomography method due to geometrical constraints. Furthermore, it is not necessary to know the velocity model before obtaining seismic attenuation when P-and S-wave travel times are used in equation (4). In this way we can plot the attenuation parameter t as a function of travel time.
Results
As a seismic wave travels from a source to a station it carries information about the subsurface structure through which the seismic wave passes. A seismic ray is often defined by three spatial parameters, that is, travel time, back azimuth, and incident angle of the ray. In a map view of seismic rays, the travel time reflects the distance between the event and the station as well as the velocity characteristics of the ray path. The back azimuth prescribes the direction of an incoming ray at a station that is measured clockwise from the north. These two parameters can be used to resolve the spatial variations of t in map view, revealing locations of anomalous t . For variations of t with depth, the depth of ray paths is a key parameter that depends on the incident angle. Because, in addition to the incident angle a velocity model is needed to obtain the depth of ray path, we will not use the incident angle in this study. Equation (4) defines a positive linear relationship between t and travel time if the attenuation structure is assumed to be uniform. The linear trend of t will be perturbed if there are attenuation variations along the ray paths. Figure 3 shows an example of rays passing through an anomalous zone at one of the stations (SL24). The data points in the parallelogram show clustering along a linear trend, revealing a distance dependence of t perturbed by significant lateral and vertical variations of attenuation structure from different ray paths. In the meantime, a group of high-t data in the oval circle above the linear trend indicates that some group of ray paths has passed through an anomalous zone of high attenuation. In this case it is not appropriate to obtain an average attenuation ( Q 1 ) from all t data at station SL24 by equation (4) because the ray paths include a group of high-t data from the anomalous zone that will bias the linear trend. Instead, we choose to look at the trends of t in shorter 5 sec intervals of travel time to highlight the variations of t with travel time. Figure 4a shows the relationship between t and travel time for S waves at each station that generally shows a linear trend similar to Figure 3 . The colors of t in Figure 4 denote different travel times, which increase from blue to red. Large dispersions in t reveal the presence of complex attenuation structures. They also provide measures of perturbations in t estimation. The linear trend of t with travel time cannot be clearly seen at western stations SL01-SL06 because the travel times for all events are clustered in a short travel-time interval. In the figures we can find significantly higher t data at stations SL15-SL25 over some travel-time intervals for both individual t (dots) and the average t (black line). Figure 4b shows fewer t data for P waves than S waves due to lower S/N ratios, especially for western stations (SL01-SL08) that are located in the densely populated alluvial plain areas (Fig. 1) . Nevertheless, the t data for P waves still show similar patterns to the t data for S waves, although t values are generally smaller for P waves than S waves. It is noted that the levels of t are different among the stations for both P and S waves. This reflects different local characteristics of t near each station. For example, SL11, SL15, SL18, and SL22 show higher t than other stations. The intercept of the linear trend at each station, t 0 , in equation (4) represents the local site effect on seismic attenuation at shallow layers that will be discussed later in this article.
Alternatively, we can look at the relationship between t and the back azimuth to explore lateral variations of t with the direction of incoming S waves, as shown in Figure 5a .
The color codes of each t here are the same as those for Figure 4a . From the plot of t with back azimuth, we can see two peaks of t at some stations, as marked by red arrows for easy identification. Based on our inspection of the color codes for t in Figures 4 and 5 we can see that one of the peaks is due to large distance and the other due to an anomalous zone with high t in some particular back-azimuth directions. Theoretically, the t will increase with travel time according to equation (4), which shows the first peak due to large distances. The second peak is caused by anomalous variations of attenuation structure along ray paths. The two peaks of t move closer to each other for stations located further to the east along the linear array. This pattern of t variations with back azimuth suggests that the anomalous zone is not located near the stations, resulting from site effects of seismic attenuation, but is located in a specific structure along the ray paths. Similar patterns are also observed for P waves, as shown in Figure 5b , even though with fewer data.
The patterns of t variations with travel time and back azimuth, as shown in Figures 4 and 5, can be explained schematically in Figure 6 . Figure 6a shows the features of average t versus travel time at the western (SL01-SL14) and eastern (SL15-SL25) stations for P and S waves as shown in Figure 6b can explain the patterns of high t for S and P waves, respectively, in Figures 5a and 5b due to changes in back azimuth. Equation (4) shows that a high t can result from a long ray path or a low-Q zone, or both. For a uniform structure, the long path will be the main factor of high t . However, Figure 5 shows that one peak of high t is most probably due to an anomalously low-Q zone present along the ray paths. Because an anomalous zone with high t implies the presence of a low-Q zone, we conclude that a low-Q zone exists in eastern Taiwan (Fig. 6b) . Furthermore, by combining the patterns of t variations and raytracing based on the geometry of events and station, we find that the low-Q zone is most likely located along the ray paths not far to the north of the eastern stations.
In order to resolve the spatial variations of t , three tightly clustered groups are selected from the 153 events. Figure 7 shows the epicenters and depth distributions of the three groups. The northernmost group A consists of events clustered in a small area but their depth extends to a depth around 40 km. The middle group B consists of a dense shallow cluster of events in the upper 12 km and a few scattered, deeper events down to about 50 km. The southernmost group C consists of deeper events between 20 and 40 km. Figure 8a shows the t variations with travel time for S waves excluding data from the shallow cluster of group B. In contrast to Figure 4a , the data at each station show a clear linear trend without large kinks, especially for the eastern stations (SL15-SL25). This linear trend of t with increasing travel time fits well with equation (4). Figure 8a shows that the slopes of the average t (black line) are flatter at the western stations but steeper at the eastern stations. This suggests that the average seismic attenuation along the ray paths is higher toward the eastern stations than that toward the western stations, even excluding the anomalous zone. From the slope of t versus travel time in Figure 8a , we obtain an average Q S ( Q S ) of about 2000
for the western stations and only about 970 for the eastern stations. This clearly shows regional lateral variations in seismic attenuation between the eastern and western stations. The Q S will be even lower at the eastern stations if data from ray paths traversing the anomalous zone are included. On the contrary, Figure 8b shows the data on t variations with travel time just for the shallow cluster of group B. By comparing Figure parts 8a and 8b, we find that, at the same travel time, the t values from the shallow cluster of group B 
are significantly higher than those from other events at the eastern stations. This means that the ray paths to the eastern stations from the shallow cluster of group B must have passed through an anomalous zone of high attenuation. Thus, a low-Q zone can be identified that lies along a region traversed by ray paths connecting the shallow group B events and the eastern stations, both in map view and in cross section. It is difficult to definitely estimate Q S for the paths of the shallow cluster of group B due to limited travel-time ranges at eastern stations in Figure 8b . Still we can roughly estimate an average Q S of about 630 for the paths of the shallow cluster of group B.
In order to resolve the spatial variations of t with depth, we present the data in another way. Figure 9a shows plots of t versus focal depth for S waves for the events shown in Figure 7 . In general, there is a decreasing trend of t with increasing focal depth. In the figure we can also see that the slopes of t at the eastern stations (SL16-SL25) are significantly steeper than the western stations (SL01-SL15). This means that the variations of seismic attenuation with depth are greater for the eastern stations than the western stations. By comparing the t distributions from data of the three groups of events, we can find more detailed patterns of t . For the eastern stations (SL17-SL25) except SL22, the t of groups A, B, and C clearly ranks from high, medium, to low, successively, just like their variations with distance. Station SL22 shows a notably different pattern than the other eastern stations; it might be due to its location in the Longitudinal Valley, which marks the exact boundary of the Eurasian and Philippine Sea plates. Seismic waves traveling along it may be subject to scattering or focusing, thus affecting the results of t at station SL22. On the contrary, there is no clear ranking of t at western stations for the three groups of events.
From previous differences in the ranking of the three groups and the slope of t between the western and eastern 
stations in the plot of t with focal depth, two points can be inferred. First, equation (4) shows that t is proportional to hypocentral distance. Hypocentral distances from the three groups obviously differ more for the eastern stations than for the western stations. Therefore, the ranking of t among the three groups is more pronounced among the eastern stations. In addition, the ray paths from the shallow events (< 12 km) of group B yield the most anomalously high t at the eastern stations that will result in a steep slope in the plot of t with focal depth because high t corresponds to shallow focal depth. Second, there is no high t along the ray paths from group A but there are high t values along the ray paths from groups B and C at the western stations. Thus, the t values of the three groups are mixed together to give a gentle slope of t and focal depth at the western stations. Following the previous inference, we find that the seismic attenuation contrast with depth is significant at the eastern stations. It also shows that a low-Q zone is located at the shallow part of the crust, north of the eastern stations. The anomalous zone apparently does not extend north of group B because we do not find a similar feature of t for group A (Fig. 7) . For P waves, roughly similar trends can also be observed at several stations as shown in Figure 9b . Figure 10 shows schematically the contrast of Q at depth between the western and eastern stations, which can explain the observed patterns of t in Figure 9 . In the figure, the average Q S values for the crustal attenuation structures are obtained from the slope in the plot of t with travel time, as shown in Figure 8 .
The previous results suggest that we can identify an anomalous attenuation zone by using array data to show variations of t with travel time, back azimuth, and focal depth. The anomalous attenuation zone is present along the ray paths connecting group B events with the eastern stations, as shown by the shaded area in Figure 11 . The area is located right on the boundary of the Philippine Sea and Eurasian plates that also coincides with the aseismic area, as shown in Figure 1 . The large contrast of seismic attenuation with depth under the eastern stations also points to a low-Q zone along shallow ray paths. Next, we would like to know the probable depth of the low-Q zone. A two-dimensional raytracing method (Zelt and Smith, 1992 ) is applied to determine the probable depth of the low-Q zone. A one-dimensional P-wave velocity model along the tectonic trend is adopted from Chen and Shin (1998) . This velocity model is used for routine earthquake location by the Taiwan Central Weather Bureau (TCWB). Station SL21 is shown (Fig. 12) as an example.
Three groups of events are chosen to represent the locations of source, as shown in Figure 12 , which correspond to the earthquake locations for the three groups in Figure 7 . Each group includes three events at the same depth to sample the area by the ray paths. The theoretical travel times of the P-wave first arrivals are 25.3, 26.6, and 27.9 sec for the epicentral distances at 160, 170, and 180 km for group A; 19.3, 20.9, and 22.4 sec for the epicentral distances at 110, 120, and 130 km for group B; and 9.9, 11.4, and 12.8 sec for the epicentral distances at 50, 60, and 70 km for group C, respectively. Compared to the observed travel times at station SL21 in Figure 4b , the observed travel times for groups A, B, and C are of about 26-28, 17-20, and 10-12 sec, respectively. In general, the observed and theoretical travel times are similar. Therefore, we can use the ray paths to locate the probable depth of the low-Q zone. Regarding the multipaths of P waves for an event, differences in theoretical travel times are less than 2 sec, which would be included in the signal time window for estimation of the amplitude spectrum. According to the observed t , the ray paths from group B are most likely to pass through the anomalous zone. Specifically, the zone through which the rays from group B pass but the rays from groups A and C do not pass will be the most probable location of the anomalous zone. Our results suggest a probable depth at about 15-20 km.
Discussion
Our results show considerable scattering of t with reference to the best-fitting theoretical spectrums for individual stations. This scattering may be due partly to uncertainties in t estimations due to data quality, source location, and the model for source spectrum, and partly due to actual complex structures including path and site parts of attenuation. These factors are discussed subsequently.
The uncertainties in t estimations due to data quality are considered to be minimal because high-quality broadband seismic data are selected and processed with stringent criteria. However, because t is assumed independent of frequency, the estimation of t will be affected if this is not the case in the real world. Regarding the effect of the model for the seismic source spectrum, the corner frequency at all individual stations should be the same for a common event. Previous studies have shown that the difference between constrained and unconstrained f c is not significant (Sarker and Abers, 1998) . Therefore, f c is not constrained in this study. Obviously, estimation of t can be affected by f c because of trade-off effects (Schlotterbeck and Abers, 2001) . Because the fitting of spectra for Ω 0 is not fixed at each station for a common event, the radiation pattern of the earthquake is included in the Ω 0 . It is not necessary to consider the effect of the radiation pattern on individual stations at different azimuths. In addition, an ω 2 model for the source spectrum (Aki, 1967; Brune, 1970 ) is used as a reference to determine t from observations. Any deviation between the real source and the ω 2 model will affect the estimation of t . The uncertainty in location may be large if the events are far outside the network. However, most of our earthquakes are located along the coast or in the near-offshore areas. So the effect of network coverage should be minor. In addition, velocity model, available readings, reading accuracy of arrival time, and earthquake location method will also affect the accuracy of earthquake location. In this study we use earthquake locations of the TCWB catalog resulting from consistent location procedures to reduce parts of the uncertainties due to earthquake location, even though systematic bias from the routine earthquake location may exist. As a check, a subset of the 153 earthquake locations is compared with the results of their relocations by a three-dimensional relocation method (Wu et al., 2008) and by the Double Difference earthquake Figure 9 . Plots of the t data versus focal depth for (a) S waves and (b) P waves. The three groups of events are denoted by different colors. The t decreases with focal depth for all groups. The t of groups A, B, and C gives high, medium, and low values, respectively, at the same focal depth for the eastern stations (SL17-SL25, except SL22).
(Continued) relocation method using the hypoDD program (Waldhauser and Ellsworth, 2000) for the common events. These relocation results are not significantly different from the TCWB earthquake locations. The comparisons of results by different earthquake location methods show that the uncertainties due to earthquake location and origin time are minor for earthquakes on land or near the coast of Taiwan. The uncertainties are typically less than 2 km in epicenter, less than 5 km in focal depth, and less than 1 sec in origin time. This will minimally affect the t distribution in the plot of t with travel time. Furthermore, our method is relatively insensitive to the accuracy of earthquake location.
Regarding contamination of t for P and S waves due to complex structures, several factors may be involved. Scattering of the observed t may be due to path attenuation effects, including intrinsic and scattering attenuation, or due to focusing or defocusing effects (Bregman et al., 1989) . It is not easy to distinguish these factors in this study because we have used relatively long time windows that may include several phases. Liang et al. (2007) indicate that the crustal thickness along the suture zone in eastern Taiwan is thinner than in central and western Taiwan. This means that P n will become the first arrival at the station east of the suture zone, which is faster than P g by about 3-4 sec, whereas P g should be the first arrival at the western stations. They might be sampling different structures, such as P g for the crust and P n for the upper mantle, due to different ray paths. Nevertheless, we are certain that P g , rather than P n , is the main phase analyzed in this study, noting that the amplitude spectrum is dominated by the phase with the largest energy that should be P g , not the first arrival phase P n , for the range of epicentral distances covered in this study (Lees and Lindley, 1994; Sarker and Abers, 1998) . Besides, the time difference between P n and P g will be within the relatively long time window for our range of epicentral distances. Other phases may affect the t to cause scattering in t , but the uncertainty may be insignificant. Therefore, our analysis of seismic attenuation is focused on the crustal path effects.
Regarding the uncertainties from site effects, several factors may affect t estimation such as resonances in amplitude spectrum due to soil layers (Anderson and Hough, 1984) and background or cultural noise in some frequency band of the seismic signals. The influence will be limited because we use the frequency band from 1 to 20 Hz to estimate t in order to avoid the high-frequency noise problem. Even though many factors may affect estimation of t , their influence will not be large enough to alter the results. Because the uncertainties of t estimation mentioned previously are negligible, we can use the results, which contain path and site effects, as shown in equation (4), to find complex attenuation structures. Regarding the site effects (t 0 ) on attenuation in t , t 0 is included in t combining both path and site effects. The site effects on attenuation can be found empirically for each station from the data in Figure 4 . Because all ray paths pass through the same shallow layers near a station, we can average all t s to obtain the characteristics of attenuation close to the station. Even though some path effects on attenuation may remain after averaging, the results can reveal trends of attenuation at each station due to site effects. Figure 13 shows the average and standard deviation of t at each station for S and P waves. From the figure we can find higher attenuation due to local site effects at SL11, SL15, SL18, and SL22 and lower attenuation at SL09, SL16, SL19, and SL20 for S waves. The difference in the average t at each station for S waves is larger than P waves. The patterns of the P waves are not always the same as the S waves. The peak and trough of average t are consistent at the stations to the east of SL08 for both P and S waves, but not for the stations to the west of SL08. It is interesting to note that the stations west of SL08 are located on alluvial plains where the S/N ratio is lower and the useful data are fewer than the stations east of SL08, especially for P waves. Besides, inconsistency of site effects on attenuation for P and S waves may be caused partly by different attenuation characteristics of P and S waves because the former is a compressional wave and the latter is a shear wave.
The site effect on attenuation, which cannot be ignored, plays an important role in controlling the amplitude of the seismogram. If not properly corrected, the results of fault rupture process inverted from observational seismograms may be severely affected. In addition, the amplification of waveforms will be overestimated by waveform simulations if anelastic behaviors of the path structures and local site conditions are not included. Thus, the site effect of attenuation is also important for assessment of earthquake hazards.
In summary, we can conclude that our results mainly represent the path effects on attenuation. The low-Q zone that we have identified is particularly significant. The probable location of the low-Q zone coincides with the aseismic zone (Figs. 1 and 11) . It also overlaps with the low-P-and low-S-velocity zones (Ma et al., 1996; Kim et al., 2005) . It was suggested that the low-velocity, aseismic zone may be Figure 13 . The range of t at individual stations for (a) S waves and (b) P waves. It shows the trend of site effects on seismic attenuation. related to geothermal or partial melting effects (Ma et al., 1996) . Because high-underground temperature may result in greater dissipation of wave energy, the presence of a low-Q zone lends support to aforementioned interpretation. Furthermore, the lateral variations of seismic attenuation across southern Taiwan, which show relatively high attenuation in the east and relatively low attenuation in the west, are consistent with the observed heat flow patterns that show relatively high heat flows in the east and relatively low heat flows in the west (Lee and Cheng, 1986) . Other geophysical results, including that of leveling (Liu and Yu, 1990) , GPS (Yu et al., 1997) , and thermal modeling (Lin, 2000) , also indicate that this particular area is directly related to the collision of the Philippine Sea and Eurasian plates.
Finally, our results on the observed attenuation parameter t in the collision boundary in Taiwan may be compared with other similar regions in the world. Attenuation structures in the boundary of the Alpine-Himalayan collision were studied by Sarker and Aber (1998) . Their results indicated a significant discontinuity of attenuation between the platform and mountain areas. The average Q S from linear regression of t versus distance is about 775 for the mountain areas, which is 2-3 times lower than average Q S of about 2060 for the adjacent shields in Greater Caucasus. In this study the crustal average Q S of 630-970 is estimated for the eastern Central Range of Taiwan, which is also 2-3 times lower than the average Q S of about 2000 for western stations. Thus, the observed low-Q zone along the collision boundary in southeastern Taiwan is believed to be credible.
Conclusions
High-quality broadband seismic data of a dense linear seismic array across southern Taiwan were used to study the crustal attenuation structures. The parameters (Ω 0 , f c , and t ) were obtained by fitting the seismic spectra. We took advantage of the geometry of the linear array to delineate spatial variations of t that in turn reveal both the lateral and depth variations of attenuation. Spatial variations of t were examined in terms of travel time, back azimuth, and focal depth. Lateral variations of attenuation along the linear array showed that attenuation over the eastern part of the array is significantly higher than the western part. The results were further combined to locate an anomalous zone of high-seismic attenuation for both P and S waves under the Central Range in southeastern Taiwan. Its depth is at about 15-20 km as judged from two-dimensional raytracing. The zone is under an area that is known to be aseismic with low-P and low-S velocities. The zone is probably caused by active geothermal or partial melting processes in the intense collision boundary of the Eurasian and Philippine Sea plates.
Data and Resources
Seismograms used in this study were collected by the Institute of Earth Sciences, Academia Sinica, Taiwan, and will be released to the public after the project is completed. The earthquake catalog is from the Taiwan Central Weather Bureau. Some plots were made using the Generic Mapping Tools version 4.2.1 (www.soest.hawaii.edu/gmt, last accessed October 2007; Wessel and Smith, 1998) . Signal processing was done with Seismic Analysis Code (Goldstein et al., 2003) .
